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Abstract 
This paper deals with the mooring control of tri-floater support structures for wind turbines by means of a numerical parametric 
study; both catenary and vertical tensioned mooring lines are considered. Operational and extreme climate conditions are 
examined, in particular wave, wind and current parameters with return periods of 5 and 50 years are determined for three 
different locations in Southern Mediterranean Sea. Mooring system is dimensioned in such a way that the offset due to 
environmental actions is restrained within allowable limits. The response of the platform is assessed in terms of: static forces 
due to turbine thrusts, wind and current drag forces and steady drift forces; the wave frequency motion RAO curves; the low 
frequency second order wave motions. Finally, assuming the Dutch tri-floater structure as a test case, a parametric study is 
carried out to identify the most suitable mooring configurations, varying the water depth in the range between 50 and 200 m.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the CCWI2013 Committee. 
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1. Introduction 
Offshore wind turbines are increasingly expanding, because the ocean energy field has the potential to supply an 
important contribution to the demand of energy by coastal countries and communities. The offshore wind industry 
is already exploiting near shore sites and is moving towards further and deeper areas, till to 20 km from the coast 
and in 50–200 m water depth. Actually, offshore wind farms adopt commonly fixed support structures, but they are 
limited to water depths of around 30 m, that can be easily found offshore North Sea coastlines, where it is often 
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desirable to couple the wind energy production with mussel aquaculture (Benassai et al., 2011). In case of higher 
depths, floating platforms offer the proper technology with several advantages, such as flexibility in site location, 
access to superior wind resources, ability to be located further offshore in coastal regions with limited shallow 
continental shelf, capability of eliminating visual impact.  
In Italy, the deep water offshore wind resource has been shown to be abundant, especially in Southern 
Tyrrhenian and Ionian Sea (Cassola et al., 2006), where some projects have been already proposed (Musial et al., 
2003, Foti et al., 2010). In order to develop and install floating support structures it is imperative for the system 
operativity and survivability to control both drift and oscillatory motions. From this point of view it is quite 
challenging to choose the best mooring technology, that substantially depends on water depth: in fact while in 
intermediate waters tensioned lines seem to behave properly, in deep ones catenary mooring lines may be preferred 
(Lefebvre and Collu, 2012).  
In this paper a numerical analysis of the mooring systems for support structures of offshore wind turbines has 
been performed with reference to both operational and extreme conditions in Southern Mediterranean Sea. Three 
candidate locations, namely Ponza, Crotone and Mazara del Vallo, have been chosen as test sites, where wave, 
wind and current loads have been evaluated. Relevant actions on a three columns stabilized support structure are 
subsequently determined. Two different mooring systems, namely catenary and vertical tensioned lines, are 
considered as possible choices for given station keeping requirements and water depths, accounting for static and 
dynamic offsets. According to several authors (Benassai and Campanile, 2002, among others), a frequency analysis 
needs to be performed in order to evidence possible resonance of the moored structure. Frequency analysis is 
adopted for evaluating the dynamics of the platform, while viscous forces are considered in tuning the damping of 
the motions. The Dutch tri-floater structure (Bulder et al., 2002) is assumed as a test case, in order to study the 
influence of water depth on the mooring configuration. Catenary lines, made up of stud link chain cables or wire 
ropes, and tensioned lines are considered, varying the water depth in the range between 50 and 200 m. 
2. Environmental conditions in Southern Mediterranean Sea 
Floating Offshore Wind Turbines are assumed to be located about 15-20 km offshore Southern Italian coasts. 
Service and ultimate limit states are defined on the basis of DNV, 2011, where several design conditions are 
defined: power production, power production plus occurrence of fault, start up, normal shut-down, emergency 
shut-down, parked wind turbine, parked wind turbine plus fault conditions. In the following analysis both 
operational and extreme conditions are considered. The operational case, relative to normal power production, 
considers the normal wind profile (NWP), the normal sea state (NSS) co-directional with the concurrent mean 
wind speed and the wind-generated current (WGC). Neverthless, as extreme events induce the most severe loads 
on structures and mooring systems, three different extreme conditions are defined, combining the return periods of 
wind, wave and current forces, according to Table 1.  
                  Table 1. Design conditions. 
Design condition Load case Wind Wave Current 
Operational condition 1 NWP NSS WGC 
Extreme condition 2 50 years 5 years 5 years 
Extreme condition 3 5 years 50 years 5 years 
Extreme condition 4 5 years 5 years 50 years 
 
The wind is represented by the 10-minute wind speed U10 at 10 m above sea level and the following associated 
power law profile: 
zU(z)U 



=
101010
   (1) 
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where the exponent  is 0.14 and 0.11 for normal and extreme conditions, respectively. For operational conditions, 
U10 is selected so that the wind speed at the rotor hub equals the rated speed of the turbine. Besides the wind speed 
U10,TR with the return period TR in years may be determined by ( )[ ] wRw,TR TlnU 110 52560=  where w and w are 
parameters which, in general, depend on the specific site. Anyway wind climate may be considered substantially 
homogeneous over the Southern Mediterranean Sea Region; the following relevant parameters are assumed: 
w=6.50 and w=1.42 (Cassola et al., 2006).  
The wave climate for Mediterranean Sea is well described by a JONSWAP spectrum. The normal sea state 
(NSS) is characterized by the significant wave height Hs correlated to the concurrent NWP wind, while the extreme 
significant wave heights with a given return period are determined by ( )[ ] kRs,TR TlnABH 1+=  having denoted by 
A, B and k the scale, position and shape factors respectively (Sarpkaya and Isaacson, 1981) and by  the mean 
number of “over-threshold” (Hs>3m) sea storms observed in one year, as available from statistical data (APAT et 
al., 2006). With regard to the spectral peak period, it is defined by relevant statistical correlations between wave 
parameters. Finally, as concerns normal and extreme current conditions, few data are available in literature for 
Mediterranean Sea. So current velocities with given return periods are estimated, on the safe side, as function of 
wind speed, according to the empirical expression ,TRTR,h,c,TR U.U.v 10110 020020 = .  
In Table 2 for three different locations, namely Ponza, Crotone and Mazara del Vallo, wind, wave and current 
data assumed for operational and extreme conditions are reported. While wind and current forces are the same for 
each location, wave forces are site dependent. For each location and design condition significant wave height Hs, 
spectrum peak period Tp and peak enhancement factor  are shown. 
Table 2. Wind, wave and current data. 
Design condition Load case 
Wind 
Ponza Crotone Mazara del Vallo 
Current 
Wave - =2.15 Wave - =2.17 Wave - =1.84 
U10,TR [m/s] Hs [m] Tp [s] Hs [m] Tp [s] Hs [m] Tp [s] vc [m/s] 
Operational condition 1 8.3 1.0 5.9 1.0 6.0 1.0 6.2 0.2 
Extreme condition 2 43.3 6.5 10.8 5.7 11.1 6.1 10.3 0.8 
Extreme condition 3 38.5 8.6 12.2 6.7 12.0 7.4 11.8 0.8 
Extreme condition 4 38.5 6.5 10.8 5.7 11.1 6.1 10.3 0.9 
3. Theoretical models 
3.1. Catenary mooring system model 
The Tri-Floater configuration is assumed as reference (Bulder et al., 2002). It is constituted by three vertical 
columns connected by a truss structure (see Fig. 1). This structure has the main advantage of small waterplane 
areas with relatively large second moment of area, so requiring less steel weight than other configurations to fulfil 
stability requirements. The wind turbine is generally located at the geometrical centre of the structure.  
Floating Offshore Wind Turbines are generally moored by catenary or tensioned lines, depending on water 
depth. The first ones are the most common choice for anchoring large floating installations in high sea depths. In 
fact, as restoring forces are mainly due to lines’ weight, this mooring system requires relatively large weights in 
intermediate waters, respect to tensioned mooring lines, whose restoring forces are due to the axial stiffness of 
lines. In general, three catenary line configurations, with 3, 6 and 9 lines, may be adopted for tri-floater platforms; 
in this study the 6 line configuration shown in Fig. 1 is considered, provided that it has been found in a preliminary 
study that the 3 line configuration is not sufficient and the 9 line one is unnecessarily redundant.  
The scope of the mooring lines is deduced by catenary equation assuming that the allowable top load is reached 
when the catenary curve is tangent to the bottom only at the anchoring point:  
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Fig. 1. Tri-floater configuration and 6 line catenary system pattern. 
where d is the water depth, Q is the breaking strength, s is the safety coefficient, assumed equal to 2, and wr is the 
relative weight per unit length, which is for steel lines about 87% of the unit weight wa in air; for practical 
purposes, the ratio Q/wa can be assumed equal to 3700 and 15300 m for Q3 stud link chains and wire ropes, 
respectively. Correspondingly, the horizontal projection Df of the curve can be deduced. It is considered that the 
distance Df  should be reached at the predicted allowable offset of the platform xadm by the most elongated line, 
which is the line laying in the plane with the lowest angle  to the direction of the motion. Consequently the 
horizontal length Dv of the catenary lines at rest is: 
2
2


	





+=
f
adm
fv D
xcossenDD     (3) 
Correspondingly, the line reaction forces can be assessed by means of catenary equation as well as mooring system 
reaction forces, combining the contributions of single lines on the basis of the mooring pattern; in particular the 
line pretension at rest is determined. In the following, all these forces are expressed in a non dimensional form, that 
is by their ratios to the term wrd. It must be considered that the allowable offset is composed by two components, a 
static one xstat and a dynamic one xdyn. The former is due to the static force Fstat; the dynamic offset is due to 
wave frequency and slowly varying drift motions. Therefore the mooring line weight wrd can be determined 
assuming that the mooring system restoring force is equal to the static force Fstat for xstat. For this position surge 
and sway mooring stiffnesses may be derived by the following equation:  
( ) ( ) j
N
j
jjjj
j
rsway/surge cos
usinhuusinhucosh
usinh
wC 2
1
2
1

= 
=   (4) 
where the parameter uj depends on the horizontal tension Txj of the j-th line as follows:  dw
T
ucosh r
xj
j
=
1
1 .  
It must be pointed out that both applied forces and mooring restoring forces depend on the motion direction; 
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moreover, dynamic motions, especially the slowly varying drift motions, depend on the mooring stiffness. As a 
consequence, the mooring weight should be assessed within an iterative procedure.  
3.2. Tensioned line mooring system model  
The system is composed by vertical lines, extending from the sea floor to the footplates of the platform 
columns, tensioned by the buoyancy in excess of the weight. Their length is l=d-T. The system behaves as an 
inverse pendulum; the mooring stiffnesses Csurge  and Csway and the restoring force Fm are given by: 
l
ZCC swaysurge 0==      ;       xl
ZFm 0=    (5) 
where Z0 is the overall pretension and x is the horizontal displacement from the vertical position. Non linear effects 
may be appreciable, especially in shallow water; in such a case, the following relation holds: 
( )[ ]  tancoslgAZF wm += 10 with:    l
xsin =  (6) 
where Aw is the waterplane area of the platform. From the previous expression, the required pretension is obtained 
assuming that the mooring restoring force must be equal to the static applied force for x=xstat.  
3.3. Static forces 
Environmental static forces acting on floating bodies are typically ascribed to the action of wind and current; in 
the examined case the turbine thrust must be taken into account as well.  
With regard to the turbine, the maximum thrust, relative to the rated wind speed, is considered for operational 
condition, while the wind induced drag force acting on the blades is considered for extreme conditions, assuming 
the solidity ratio of 2.3%. With regard to the wind action, the drag forces acting on the tower and the exposed areas 
of the columns are considered; in the operational condition, the wind velocity drop leeward of the turbine is taken 
into account; the power law vertical profile (1) is assumed for evaluating aforementioned drag forces. With regard 
to the current action, the drag forces acting on the submerged areas of the columns are considered, with a drag 
coefficient of 0.74. 
In addition to wind and current loads, steady drift forces are considered too, as waves give rise to second order 
exciting loads which may be important for moored floating platforms (Pinkster, 1980). In regular waves, according 
to far field approach, the steady drift force acting on a vertical piercing body having the breadth B is related to the 
incoming wave amplitude a by a reflection coefficient R() which depends on wave frequency: 
( ) 22
2
21
2
1
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 +=   (7) 
For a vertical cylinder, the following expression is generally adopted (Havelock, 1940), which includes free 
surface effect and quadratic terms in Bernoulli equation: 
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where the argument of the derivatives of Bessel functions is: kDc/2. In irregular seaway, the steady drift force is 
( ) ( )

=
0
2   dS,QTFFd  where QTF is the quadratic transfer function, related to the reflection coefficient by: 
( ) ( ) 



 +=
kdsinh
kdgBR,QTF
2
21
2
1 2    (9) 
Therefore the mean drift force (Longuet-Higgins, 1977) acting on the platform is expressed as: 
( ) ( )

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3.4. Wave frequency platform response 
In regular waves the surge and pitch (similarly sway and roll) dynamic equations are written as: 
( ) XxCxbxam surge =+++  1111    ;     ( ) MGMgbamk Lyy =+++   55552   (11) 
where: m is the structural mass, including the contributions of mooring lines; kyy is the gyration radius of the 
structural mass; GML is the longitudinal metacentric height; a11 is the added mass, associated mainly to the 
columns; a55 is the added moment of inertia, associated mainly to the footplates;  b11 and b55 are the linearized 
damping coefficients. Obviously angular motions are not considered in the case of vertical tensioned lines.  
Wave potential forces on cylinders are calculated with the Morison equation (Sarpkaya and Isaacson, 1981), as: 
 ( )
 
=

=
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where, according to the Airy theory: 
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The inertia coefficient (Mac Camy and Fuchs, 1954) is expressed as: 
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where J1 and Y1 are the first and second kind Bessel functions, respectively. Wave induced viscous forces are 
neglected, provided that the ratios of wave heights to cylinder diameters are small in the cases of interest.  
As regards damping coefficients, they are determined adopting the linearization of the drag forces induced by 
the body-motion, so as to have the same energy dissipation; to this extent, incoming waves are characterized by the 
amplitude of 5 m and the natural frequencies of the body. So far, linear equations of motion are obtained, which 
can be easily solved in the frequency domain. The resulting dynamic behaviour is characterized by the motion 
transfer function Hi(), so that the i-th motion induced by a regular wave is ( ) ( ) tiaii eHtX = . From that, the 
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horizontal motion at bottom, where mooring attachments are located, is obtained composing relevant motions; with 
reference to longitudinal motion: 
( ) ( ) ( ) ( ) ( )[ ] tiapitchGbottomsurgetiabottombottom eHzzHeHtX   +==  (15) 
In the irregular seaway characterized by the wave spectrum S (), the i-th motion spectrum is given by:  
( ) ( ) ( ) SHS ii 2=   (16) 
3.5. Low frequency platform response 
In  irregular seaway the second order oscillatory drift load (Maruo, 1960) is characterized by: 
( ) ( ) ( ) ( )

++=
0
28   dSS,QTFSd   (17) 
Adopting the Newman’s approximation, the drift force acting on a cylinder is obtained as: 
( ) ( ) ( ) ( )

+


	

 +


	

 +=
0
2
42
2
21
2
8   dSSd'ksinh
d'kRgDS cd  (18) 
where k’ is the wave number corresponding to the circular frequency (+/2). Integrating the spectrum, the 
variance 2d  of the drift force acting on a cylinder is obtained. The drift force acting on the overall structure is the 
sum of those ones acting on the three cylinders and its variance is given by [ ]23131222 2223 rrrddg +++=  where rij 
are the correlation coefficients between the various components. It is assumed that the full correlation exists for 
cylinders at the same position respect to the sea direction, otherwise the processes are independent. Moreover, it is 
assumed that the drift motion is given simply by Fdg/Cmooring, so the significant drift motion amplitude is
mooringdgs,drift Cx  2= . Given the wave and low frequency significant motion amplitudes xwave,s and xdrift,s, the 
following combination scheme is adopted to estimate the maximum dynamic offset xdyn relative to the typical 
storm duration of three hours (API, 1987): 
{ }max,drifts,waves,driftmax,wavedyn xx;xxmaxx  ++=  (19) 
where, according to the Rayleigh distribution: 
n
drift,sdrift,
z
wave,swave, T
xx;
T
xx 10800ln
2
110800ln
2
1
maxmax ==  (20) 
Tz and Tn are the mean zero crossing period of the sea state and the natural period of the moored platform, 
respectively. The first one is connected to the spectrum peak period by the relation ( ) ( ) ++= 115pz TT .  
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4. Applications 
4.1. The Dutch Tri-Floater platform 
The Dutch Tri-floater design (Bulder et al., 2002), is assumed as reference (see Table 3). The platform is 
triangular with a central position of the wind turbine tower; the buoyancy is mainly given  by vertical columns, 
interconnected by bracings. The associated wind converter is the NREL 5 MW wind turbine, having a power 
output of 5 MW and a rotor diameter of 115 m; the hub is located 83 m above sea level. The tower has a mass of 
332 t, while the turbine and rotor mass is 370 t.  
            Table 3. Support structure main dimensions. 
Column diameter 8.0 m 
Column height  24.0 m 
Distance between column centres  68.0 m 
Draught  12.0 m 
Steel weight  1150 t 
Free floating water ballast weight 561 t 
Displacement  2480 t 
Centre of gravity height above keel 27.6 m 
Centre of buoyancy height above keel 5.3 m 
Radii of inertia around longitudinal and transverse axes 40.0 m 
  
A circular flat plate 18 m in diameter is connected to each column bottom to increase heave, pitch and roll 
added masses and damping effects. The column structure has a spar-type configuration, that is a cylindrical shell 
with vertical stiffeners and horizontal ring webs. The internal subdivision of each column is related to damage 
stability conditions and the lower part is separated from the upper one by a watertight diaphragm to fit a water 
ballast tank of 4 m height. Horizontal and diagonal braces connect the columns, redistributing external forces 
between them.  
It can be noted that the free floating water ballast weight is properly reduced in the moored condition due to the 
suspended weight of  the catenary lines or the pretension of the tensioned lines, while the draft is maintained 
unchanged. 
4.2. Motion control and mooring system characterization 
The above mentioned mooring systems, namely the catenary and tensioned line ones, are compared assuming, 
for each of the selected locations the allowable displacement xadm=10 m and 20 m and water depths between 50 
and 200 m. In all cases the extreme condition 3 has been the most severe.   
In tables 4, 5 and 6 surge and sway natural periods, as well as mooring masses are reported for each examined 
case. In all cases pitch and roll natural periods are equal to 25.9 s.  
It is observed that tensioned line system is not considered at all for the offset of 10 m and beyond 100 m water 
depth for the offset of 20 m because in these cases the reduction in water ballast cannot balance the line pretension; 
this doesn’t mean that the system cannot be adopted, but that it should be necessary to modify substantially the 
platform geometry, which is beyond the scope of the present comparison. Anyway, it may be concluded that the 
system weight, as its pretension, is very sensitive to water depth and allowable offset, but is by far lighter than 
catenary line system, at least where the two systems can be compared. It is noteworthy that catenary system weight 
doesn’t have definite trends in terms of water depth and allowable offset; surprisingly the weight required for 10 m 
offset is greater than that one relative to 20 m offset only in deep waters; from another point of view it is confirmed 
140   G. Benassai et al. /  Procedia Engineering  70 ( 2014 )  132 – 141 
that catenary lines don’t work well in shallow waters. In this range, more or less up to 50 m,  chain lines are lighter 
than wire ropes, that instead appear to be more convenient in deeper waters. 
Table 4. Mooring mass and natural periods – Ponza. 
d (m) 
xadm=20 m xadm=10 m 
Stud link chain cables Wire ropes Tensioned lines Stud link chain cables Wire ropes 
Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge, sway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) 
50 858 34.3 32.2 1095 31.8 29.1 3.29 59.2 730 27.1 26.8 901 25.8 25.2 
75 581 37.7 36.3 587 33.6 31.3 7.08 53.8 528 28.6 28.3 517 26.6 26.2 
100 497 40.5 39.6 423 35.7 34.0 12.27 51.8 496 29.6 29.5 387 27.5 27.2 
125 476 42.6 42.0 353 37.7 36.4 --- --- 523 30.2 30.1 336 28.4 28.2 
150 481 44.1 43.8 319 39.5 38.4 --- --- 574 30.5 30.5 318 29.1 28.9 
175 501 45.1 44.9 303 41.0 40.2 --- --- 652 30.5 30.5 315 29.6 29.5 
200 532 45.9 45.7 295 42.3 41.7 --- --- 733 30.6 30.6 323 30.0 30.0 
Table 5. Mooring mass and natural periods – Crotone. 
d (m) 
xadm=20 m xadm=10 m 
Stud link chain cables Wire ropes Tensioned lines Stud link chain cables Wire ropes 
Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge, sway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) 
50 633 32.3 29.8 822 29.7 27.0 2.44 73.4 521 27.2 26.5 619 25.1 23.9 
75 429 36.3 34.2 447 31.9 29.2 5.39 63.2 396 29.6 29.2 360 26.7 26.0 
100 383 40.0 38.7 318 34.2 32.0 8.69 64.5 378 31.4 31.2 280 28.2 27.7 
125 374 42.9 42.1 266 36.6 34.6 --- --- 401 32.6 32.5 249 29.6 29.3 
150 386 45.2 44.7 243 38.9 37.3 --- --- 444 33.4 33.3 240 30.8 30.5 
175 408 46.9 46.5 235 40.9 39.6 --- --- 507 33.7 33.7 243 31.6 31.4 
200 437 48.1 47.9 233 42.6 41.7 --- --- 578 33.9 33.9 250 32.4 32.3 
Table 6. Mooring mass and natural periods – Mazara del Vallo. 
d (m) 
xadm=20 m xadm=10 m 
Stud link chain cables Wire ropes Tensioned lines Stud link chain cables Wire ropes 
Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge, sway (s) Mm (t) Tsurge (s) Tsway (s) Mm (t) Tsurge (s) Tsway (s) 
50 692 32.9 30.5 883 30.3 27.3 2.82 65.8 566 27.2 26.5 672 25.3 24.4 
75 485 36.9 35.3 479 32.3 29.7 6.12 58.6 430 29.4 29.1 393 26.7 26.0 
100 427 40.3 39.2 347 34.7 32.4 10.78 55.5 415 30.9 30.7 302 28.2 27.7 
125 416 42.9 42.1 296 37.1 35.4 --- --- 446 31.7 31.6 270 29.4 29.1 
150 425 44.8 44.3 273 39.2 37.9 --- --- 492 32.3 32.2 259 30.4 30.1 
175 446 46.2 45.9 260 41.0 39.9 --- --- 555 32.6 32.5 259 31.2 31.0 
200 476 47.2 47.0 258 42.6 41.7 --- --- 632 32.7 32.7 270 31.7 31.6 
 
As examples, in Figures 2 and 3 surge (continuous lines) and sway (dashed lines) RAOs at bottom relative to 
100 m water depth and 20 m allowable offset are plotted for catenary and tensioned lines. The graphs show that 
while for tensioned lines RAOs have only one peak, for catenary lines they have two quite distinct peaks, as a 
consequence of the coupling effects. 
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Fig. 2. Surge and sway RAOs for catenary lines at 100 m depth. 

Fig. 3. Surge and sway RAOs for tensioned lines at 100 m depth. 
5. Conclusions 
In this paper a numerical analysis of two different mooring configurations for the motion control of floating 
offshore wind turbines, namely the catenary and the tensioned line mooring systems, has been performed in order 
to highlight the best mooring configuration for a given depth. Three sites of interest in the Southern Mediterranean 
Sea have been chosen and the corresponding operational and extreme loading conditions, in terms of wind, wave 
and current characteristics, have been defined. The mathematical models for both catenary and tensioned lines 
have been synthetically described, as well as the hydrodynamic model. With reference to the same three-floater 
structure, three different mooring systems have been compared for three selected areas and two maximum 
admissible displacements. It has been found that tensioned line system requires a specialized platform design to fit 
the required line pretension and that the wire rope line catenary system is lighter than the chain cable one only in 
relatively deep water, more or less over 50 m. 
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